INTRODUCTION
Hoogsteen (HG) base pairs (bps) were discovered in 1959 when Karst Hoogsteen used single crystal X-ray crystallography to visualize the pairing between 1-methylthymine and 9-methyladenine (1) . Rather than observing a WatsonCrick (WC) bp, a unique pairing geometry was observed in which the adenine base was flipped 180
• to form a unique set of hydrogen bonds (H-bonds) ( Figure 1 ). Two years earlier, Rich et al. had speculated that such a pairing scheme could explain how poly(rU) associates with poly(rA)-poly(rU) duplexes to form RNA triplexes (2) . These bps are now referred to as 'HG' bps. Subsequent crystallographic studies on isolated pairs of A•U derivatives yielded HG bps (3) (4) (5) while, in contrast, G•C derivatives co-crystallized into the expected WC bps (6) . The lack of experimental evidence for A•T/U WC bps raised considerable scepticism about the WC base-pairing scheme during 1960s and early 1970s as reviewed in (7) . Computational studies on A•T base derivatives later showed that HG bps form H-bonds that are ∼0.2-1 kcal/mol more stable than that corresponding WC pairing (8) (9) (10) . The controversy over HG versus WC for A•T/U bps was partly resolved in 1973 when Rich et al. reported single crystal structures of dinucleoside phosphates showing WC A•U and G•C bps (11, 12) . Although WC bps became the dominant model for A•T and G•C bps in DNA, HG bps continued to surface in high-resolution structures of naked antiparallel DNA duplexes (13) , DNA in complex with quinoxaline bis-intercalators (14) and proteins (15) (16) (17) as reviewed in (7) . In parallel, computational studies (18, 19) indicated that the stability of antiparallel HG duplex is comparable to that of the B-form WC helix and that the chimera WC-HG helix is an energetically accessible conformation. Studies based on circular dichroism (CD), nuclear magnetic resonance (NMR) and molecular dynamics simulations also showed A•T and G•C + HG bps in parallel double-stranded DNA (20) (21) (22) , DNA triplexes (23) and dumbbell-like DNA structures (24) . Here, we present a survey that is focused on HG bps in the context of antiparallel DNA duplexes including stem-loop DNA hairpins.
In duplex DNA, HG bps form by rotating the purine base 180
• around the glycosidic bond, to adopt a syn rather than anti conformation (Figure 1 ). While A•T HG bps retain the 
WC A-N6-H--O4-T H-bond, they replace the WC N1--H-N3 H-bond with an N7--H-N3 H-bond (Figure 1). On the other hand, G•C HG bps retain the O6--H-N4 H-bond and replace the other two WC H-bonds (N1-H--N3 and N2-H--O2) with a single N7--H-N3
+ H-bond, which requires protonation of cytosine N3 (Figure 1 ). In addition, formation of HG-type H-bonds requires that the two bases come into closer proximity, thus constricting the C1 -C1 distance by ∼2Å relative to WC bps (1, 25) (Figure 1) .
By modifying the structural presentation of sequence information in duplex DNA, HG bps can carry out unique functions (7, 17, (26) (27) (28) . HG bps have been observed in several protein-DNA complexes (15) (16) (17) 29) and DNA in complex with quinoxaline bis-intercalators (30) (31) (32) (33) where they are thought to contribute to recognition. For example, in X-ray structures of bent TATA elements in complex with the TATA box-binding protein (TBP), two consecutive C•G HG bps help avoid a steric clash between the guanine exocyclic NH 2 group and a nearby leucine side chain (16) . Two consecutive A•T HG bps in X-ray structures of DNA in complex with the tumor suppressor protein p53 are thought to contribute to a narrowed minor groove and a more negative electrostatic potential surface that may favor insertion of positively charged Arg248 (17) . HG bps have also been observed in chemically modified DNA, including N2-propanoguanine (34), 1,N2-ethylguanine (35) , and N1-methyladenine (36) , and 8-amino-purine (37) (38) (39) where they may contribute to damage accommodation, recognition and repair. There is also strong evidence that some members of the Y-family 'low fidelity polymerases' replicate DNA using HG pairing as the dominant mechanism, providing a means for bypassing lesions on the WC face during replication (27) (28) 40) . In the complex structures of DNA-quinoxaline bis-intercalators (i.e. triostin A and echinomycin), HG bps are observed flanking the intercalation sites at both the interior and termini of the duplex. Solution NMR studies on this complex with various DNA sequences provided evidence for dynamic HG bps in solution (41, 42) . Theoretical studies suggested that the stabilization of HG bps flanking intercalation site and its dependence on DNA sequence could result from favorable van der Waals (43) and stacking (44) interactions.
Recent studies employing NMR spin relaxation in the rotating frame (R 1 ) (45) (46) (47) have shown that G•C + and A•T HG bps exist transiently in duplex DNA (7, 48) across a variety of sequence and positional contexts (49) . These transient HG bps form with strong sequence-specific energetic preferences that are comparable to the sequence-specific variations in WC stability (50) potentially providing a new basis for sequence-specific DNA transactions (50) . These transient HG bps have populations of ∼0.5% and lifetimes of ∼1 ms (48, 49) but can increase considerably in modified bases such as inosine (51) . Although small in population, these suggest that there can be as many as ∼15 million HG bps in the human genome at a given time. In addition, it is well documented that WC and HG bps can be difficult to distinguish due to ambiguous electron densities (17, 29, (52) (53) ) and yet they are often modeled by default as WC bps. This leaves open the possibility that there are actual HG bps mismodeled as WC. It is also possible that bps are often modeled as single states (HG or WC) when in fact partial occupancies of WC and HG might fit the density even better. These findings emphasize the need to rigorously study the occurrence and preferences of HG bps in duplex DNA.
Here, we comprehensively examine the Protein Data Bank (PDB) (54) to survey the occurrence and structural features of HG bps in duplex DNA. We identify sequences and context preferences for HG bps, expose new types of HG-like bps that satisfy only one or two of the above three structural features (Figure 1 ) and show that HG bps induce local structural perturbations in adjacent WC bps as well as global DNA bending toward the major groove. This study provides a valuable framework for guiding future studies exploring the occurrence and functional importance of HG bps in duplex DNA.
METHODS

Survey protocol
DNA X-ray crystal structures (excluding DNA-RNA hybrids) with resolution ≤ 3.0Å were downloaded as the biological assemblies from the PDB (54) on 4 September 2013 ( Figure 2 ). For structures with palindromic doublestranded DNA that were deposited as single chains in the asymmetric unit, the chain ID of the symmetry mate was edited to be unique using a PyMOL (The PyMOL Molecular Graphics System, Schrödinger LLC) script for subsequent analyses. An in-house program was used to parse all structures using 3DNA (55) into a searchable database. The database contains all DNA bps in the biological unit and an accompanying list of structural descriptors defining those bps, including local base-pair parameters (shear, stretch, stagger, buckle, propeller, opening), the C1 -C1 distance across the bp, heavy atom distances in H-bonds and sugar-phosphodiester backbone torsion angles ( 0 , 1 , 2 , 3 , 4 , ␣, ␤, ␥ , ␦, ⑀, ) (55, 56) . Next, the in-house program was used to identify bps that satisfy the following HG criteria ( Figure 1 ): (i) HG hydrogen bonding: Both AN7--TN3 and AN6--TO4 distances ≤3.5Å for A•T; both GN7--CN3 and GO6--CN4 distances ≤3.5Å for G•C. (ii) Constricted C1 -C1 distance: The distance between the C1 atoms of the purine and pyrimidine pair is restricted to ≤9.5Å, which is midway between the average distances observed for WC bps (∼10.5Å) (12) and HG bps (∼8.5Å) (14, 25) . (Note that the constricted C1 -C1 distance does not necessarily entail a shortened P-P distance across the helix.) (iii) syn purine: The syn glycosidic torsion angle ( angle) of the purine base is in the range 0 The protocol employed to identify HG bps in DNA duplexes from the X-ray crystal structures. The number of identified HG bps satisfying each criterion is shown for the last two steps of the protocol. Manual inspection was used to exclude bps involved in base triples, tertiary interactions, bps between consecutive nucleotides on the same DNA strand, WC bps in Z-DNA and WC-like bps as described in Methods.
A list of bps was created that satisfy one, two or all three HG criteria listed above (Figure 2 ). Manual inspection was then carried out to exclude bps corresponding to base triples, tertiary interactions, bps between consecutive nucleotides on the same DNA strand, WC bps in Z-DNA and WC-like bps only satisfying the constricted C1 -C1 distance criterion which are better described as distorted WC bps (Figure 2 ). Average B-factors, if not specified, were calculated for each HG bp by averaging B-factors over all sugar-phosphate backbone and base heavy atoms (i.e. C, N, O and P). Finally, a total of 178 HG and HG-like bps (Figure 3A , Supplementary Table S1) were identified in antiparallel DNA duplexes including stem-loop hairpins, 12% of which are from naked DNA, 21% and 67% from DNA in complex with small molecules and proteins, respectively. To assess potential modeling errors in the bps, we manually examined the electron density maps and average B-factors (averaged over all sugar-phosphate and base heavy atoms, i.e. C, N, O and P) of a given bp. For HG-like and terminal HG bps which are more susceptible to dynamics, we examined the B-factors, real-space correlation coefficient (RSCC) and -weighted 2F o -F c map values for the base (Supplementary Table S3 ). The RSCC values range between 0 and 1 for zero and perfect correlation between the F c and 2F o -F c maps, respectively.
To statistically analyze the sequence-and positionspecific preferences of HG bps, and their structural features, a set of 54 'non-redundant HG bps' which satisfy all three criteria was generated (Supplementary Table S2 , Table 1 ) by excluding redundant bps that are surrounded by identical adjacent WC bps in both 5 and 3 directions, involved in DNA duplexes with identical lengths, and when applicable, are bound to the same protein or ligand. A set of 43 'adjacent WC bps' consisting of WC bps immediately adjacent to helical HG and HG-like bps was also generated along with a set of 186 'control WC bps' consisting of helical WC bps that are in the same DNA duplexes containing HG bps but more than one bp away from the HG bps. For each of the three sets of bps ('non-redundant HG', 'adjacent WC' and 'control WC'), population-weighted distributions were constructed for local base-pair parameters (i.e. shear, stretch, stagger, buckle, propeller, opening), C1 -C1 distances, heavy atom distances in H-bonds, as well as sugar ( 0 -4 ) and phosphodiester backbone torsion angles (␣, ␤, ␥ , ␦, ⑀, ).
Analysis of local structure
To examine the impact of HG bps on the local DNA structure, we constructed 1D histogram distributions for local structural parameters (including sugar-phosphodiester torsion angles, local base-pair parameters, C1 -C1 distances and heavy atom distances in H-bonds) for the 'nonredundant HG', 'adjacent WC' and 'control WC' sets. We then used a recently introduced REsemble approach (57) to measure the similarity between 'control WC' distributions and those of 'non-redundant HG' and 'adjacent WC'. Here, the overlap between two distributions (T and P) is computed using the square root of the Jensen-Shannon divergence (Ω 2 ) (58) given by Equation (1) (57):
where w (2),
The value of K w T , w P provides a measure of similarity between distributions T and P and ranges between 0 and 1 for perfect and zero similarity, respectively (57) . REsemble was used to compare 1D distributions of sugarphosphodiester backbone torsion angles (␣, ␤, ␥ , ␦, ⑀, , 0 , 1 , 2 , 3 , 4 ) (see Figure 4A ) and local base-pair parameters (shear, stretch, stagger, buckle, propeller twist, opening), C1 -C1 distances and heavy atom distances in Hbonds) (Supplementary Figures S2 and S3 ).
We previously used REsemble to compare 1D torsion angle distributions (57) . Here, we extended the analysis to compare multi-dimensional probability distributions consisting of six phosphodiester backbone torsion angles, five sugar torsion angles and six local base-pair parameters. This was necessary because two pairs of 1D distributions (A and B versus a and b) could exhibit perfect overlap in 1D (A = a and B = b) yet exhibit zero overlap in 2D (AB = ab). To maintain computational efficiency, 6D, 5D and 6D REsemble were used to compare similarities between adjacent WC bps (or HG bps if applicable) and the control WC bps of six phosphodiester backbone torsion angles (␣, ␤, ␥ , ␦, ⑀, ), five sugar torsion angles ( 0 , 1 , 2 , 3 , 4 ) and six local base-pair parameters (shear, stretch, stagger, buckle, propeller twist, opening) distributions, respectively (see Supplemental Information). Because HG bps have a distinct reference frame of local base-pair geometry relative to WC bps and by definition have a constricted C1 -C1 distance, the local base-pair parameters and C1 -C1 distances for HG bps were not computed and compared with control WC bps. As a control, we measured the similarity between the control WC bp distributions and distributions obtained by randomly picking entries from the same set such that the total number of entries equals that in the HG distribution.
To carry out multi-dimensional REsemble analyses, the translational local base-pair parameters (i.e. shear, stretch and stagger) between −2.5Å and 2.5Å were linearly converted to the range of 0
• to 360
• to be consistent with the torsion angle distribution range. The multi-dimensional distribution was constructed by using the same bin size to bin each parameter. The bin size (m) used in the REsemble analysis was varied between 15
• and 360
• with an increment of 15
• (K = 24). Note that data points near the edges of the angle distribution (i.e. −180
• and 180
• ) can lead to overestimation of K (e.g. −179
• and 179
• differ by 358
• in binning but only differ by 2 • in reality). All of the local structural parameters including the converted translational base-pair parameters are distributed in the middle of the range (−180
• to 180
• ) except the backbone torsion angles ␤ and ⑀, which have major distributions near the edges (see Figure 4C ). To minimize adverse effects from data near the edges, all backbone torsion angles (␣, ␤, ␥ , ␦, ⑀, ) between −180
• and 0
• were reflected onto the 180
• region by an addition of 360
• , while those in the 0
• region remain unchanged (Supplementary Figure S3a ). This yielded a final distribution between 0
• with all angles distributed away from the edges.
Analysis of global structure
To assess the impact of HG bps on the DNA structure, we adopted the inter-helical Euler angle protocol developed for describing relative orientations of RNA A-form helices across junctions (59, 60) . Here, three inter-helical Euler angles (␣ h , ␤ h , ␥ h ) are computed which describe the relative orientation of two helices across a given junction, in this case, a single or tandem HG/HG-like bps. For a given target DNA structure containing HG bps, we define a corresponding lower helix H1 and upper helix H2 to be the helices at the 5 and 3 sides, respectively, of the syn purine base in an HG bp (see Figure 5A ). The inter-helical Euler angles describe the orientation of H2 relative to H1 across the junction of HG/HG-like bps and are determined by computing the rotation matrix that is required in order to rotate H2 so that it is in perfect coaxial alignment with H1. The approach has been described elsewhere in A-form RNA (59-61). Here we provide a brief description emphasizing those differences that relate to bending in B-form DNA. ␤ h is the inter-helical bend angle between H2 and H1, and ranges between 0
• . ␣ h and ␥ h are defined as 'twist' and 'arc' angles of H2 around the H2 and H1 helical axes, respectively, and range between −180
• (see Figure 5B ). The inter-helical Euler angles (␣ h , ␤ h , ␥ h ) are computed relative to a reference idealized B-form linear helix with 10 bps per turn consisting of two consecutive and perfectly coaxial helices (iH1 and iH2). This reference B-form helix was constructed using the 3DNA fiber model (62) and the helix axis was oriented along the z-axis (see Figure 5B ). The C1 -C1 vector across the WC bp in iH1 immediately neighboring the junction was oriented along the y-axis with the major groove facing the +x direction (see Figure 5C ). H1 in the target DNA structure was superimposed onto iH1 using heavy atoms (i.e. C, N, O, P) in the sugar-phosphodiester backbone. Next, reference helix iH2 was superimposed onto the resulting target helix H2 to yield iH2 . A rotation matrix R(␣ h , ␤ h , ␥ h ) was then computed to transform iH2 back to iH2 using the EULER-RNA program (https://sites.google. com/site/hashimigroup/resources) (60, 63) . The direct output (␣ h 0 , ␤ h 0 , ␥ h 0 ) from EULER-RNA was then converted based on the current definition of inter-helical Euler angles by
In this reference frame, ␥ h corresponds to the angle between the x-axis of the reference frame and the projection of the H2 helix axis onto the x-y plane (see Figure 5B ) and represents the bending direction of H2 relative to the aligned WC bp (see Figure 5C ); −90
• ≤ ␥ h ≤ 90
• indicates bending toward the major groove whereas −180
• < ␥ h < −90
• and 90
• < ␥ h < 180
• reflect bending toward the minor groove (see Figure 5C ). Note that the bending direction (major or minor groove) may vary depending on the choice of the reference bp. For example, the direction may be different relative to a reference bp in H2, where ␣ h and not ␥ h specifies the direction of bending of H1 relative to H2. A complete description of the bending direction requires all three Euler angles. The inter-helical twist angle h = ␣ h +␥ h describes the relative twist between H1 and H2, and is equal to zero for a perfectly coaxial helix in B-form DNA. h > 0
• and h < 0
• represents under-and over-twisting, respectively (59). The three angles ␤ h , ␥ h and h provide a complete angular description of the two helices.
The above approach for computing bend and twist angles assumes an idealized B-form geometry for the two helices. In RNA, the A-form geometry has been shown to be highly robust across different sequence contexts, and to a very good approximation, WC bps surrounding WC bps can be modeled assuming an idealized A-form geometry (59-61). There can be greater variability in local structural parameters in B-form DNA based on analyses of X-ray structures (64) and molecular dynamics simulation (MD) trajectories (65) . We previously showed that the computed inter-helical Euler angles will not be reliable if the target helices superimpose with idealized helices with RMSD > 2Å (59). In the current study, six out of 15 structures yielded superposition RMSD > 2Å and were excluded from analysis (Table  2 and Supplementary Figure S5b) . Among the remaining nine structures, five contained helices with terminal or noncanonical bps, which were used in the superposition (Supplementary Figure S5c ). To evaluate the robustness of this approach, we compared the inter-helical angles computed when varying the number of bps (2 versus 3 bps) and types of heavy atoms (with or without sugar atoms C1 /C2 /O4 ) used in the superposition and found very small variations (≤2
• for ␤ h and ≤6
• for ␣ h and ␥ h ) (data not shown). In addition, as a negative control, we computed inter-helical angles for 11 X-ray structures of B-form naked DNA duplexes that do not contain HG bps and show no significant localized bending (Supplementary Table S4 ). These structures were used in a prior survey of duplex DNA structures (66) . Each duplex was sub-divided into two coaxially stacked 3 bp helices denoted H1 and H2 (see Figure 5A ) as indicated in Supplementary Table S4 tures. As a positive control, we computed inter-helical angles for two bent DNA structures that do not contain HG bps, including an A6-T6 A-tract sequence (PDBID: 1FZX) (67) and the nucleosome particle (PDBID: 3UT9) (68). The inter-helical Euler angles were then computed at the bent site and compared to the bending angle reported in literature as determined by other methods (e.g. Curves (69)) (Supplemental Information).
RESULTS AND DISCUSSION
Structural polymorphism in HG bps
Our survey identified a total of 106 A•T and 34 G•C HG bps that satisfy all three HG criteria in DNA duplexes. In addition, the survey identified 22 A•T and 16 G•C HG-like bps that satisfy one or two of the HG criteria ( Figure 3A) . Note that 91% of HG and 74% of HG-like bps have averaged B-factors over all heavy atoms (i.e. C, N, O and P) on the base and sugar-phosphodiester backbone ≤ 60 (Supplementary Figure S1b ), indicating that they are reasonably well defined by the crystallography data.
The vast majority of the HG and HG-like bps (88%) are found in structures of duplex DNA in complex with proteins and/or ligands. Among these bps, most cases (96%) are not in direct contact with the protein or ligand and 66% are located at the duplex terminal ends. In contrast, all 16 HG bps observed in naked DNA duplexes correspond to pure HG helices of AT-repeats. No HG bps neighbored by WC bps on either end in naked DNA duplexes are observed. Many of these HG and HG-like bps, especially those located at duplex termini, do not appear to be documented in the primary literature.
The survey identifies a total of 178 HG and HG-like bps (128 A•T and 50 G•C bps) which correspond to ∼0.3% of all 51485 A•T and G•C DNA bps in the PDB (as of 4/9/2013). Interestingly, this overall abundance of HG bps compares favorably to the population ∼0.5% (at pH ∼6.8) measured by NMR relaxation dispersion for transient HG bps in duplex DNA in solution (48) . This suggests that the HG bps captured by NMR and X-ray crystallography are subject to similar energetic forces and that the differences in the experimental conditions do not lead to substantial changes in the overall abundance of HG versus WC bps. However, we cannot rule out that the environmental factors influence the distribution of HG bps and their specific location.
The 38 HG-like bps exclude the entries that only satisfy the constricted C1 -C1 distance criterion, which we consider 'distorted WC' bps. Most of the HG-like bps satisfy only the syn purine criterion (22 HG syn ) or both the syn purine and constricted C1 -C1 distance (7 HG syn+C1 ). The HG syn represents a partially open HG bp in which the purine and pyrimidine bases are not brought into proximity following the purine flip, explaining the absence of HG-type H-bonding (Supplementary Figure S1c, top) . Interestingly, the HG syn conformation falls along a WC-to-HG transition pathway previously proposed based on peak conjugate refinement simulations (48) and by -value analysis (49) . The HG syn+C1 bps feature deviations in shear that do not support HG-type H-bonds (Supplementary Figure S1c) . Ap- 
HG base pairs HG-like base pairs
Shown are non-redundant HG bps that satisfy all three HG criteria (top) and also HG-like bps (bottom) as defined in Methods. Only the sequence of one strand surrounding the HG bp (colored in red) is shown and strand termini are indicated using '5 -' and '-3 '. Modifications with abbreviations from the PDB are shown in parentheses in the sequence. Residues that do not form bps in the helix are underlined. Interactions involving HG bps in crystal contacts are listed in the last column with types of stacking shown in the parentheses including HG-to-HG (HH), WC-to-HG (WH) and HG-to-TT mismatch (HT). Sequences are shown corresponding to the given residues where the lower helices (H1) are marked in bold and HG or HG-like bps shown in red. Helices with superposition RMSD > 2Å to the idealized B-form helix upon aligning heavy atoms in the sugar-phosphodiester backbone are underlined. The inter-helical twist angle is computed by h = ␣ h +␥ h -n×36 • , where n corresponds to the number of HG bps in the junction, assuming that each HG bp in the junction of H1 and H2 contributes to +36 • helical twist change as in the B-form DNA.
proximately 62% of the HG syn and HG syn+C1 bps are located at or near the duplex terminal ends (Supplementary  Table S1 ). Another 8 bps satisfy the HG H-bonds and constricted C1 -C1 distance but feature anti rather than syn purine base (HG Hbond+C1 ). Seven of these HG Hbond+C1 bps are located at a nicked site in the integration host factor (IHF)-DNA complex and another one occurs at the terminal end of a left-handed DNA duplex (Supplementary Figure S1c) . We also find one bp that only satisfies the HG H-bonding criterion (Supplementary Figure S1c, bottom) . This corresponds to an anti purine base with a C3 -endo sugar pucker that forms HG H-bonds through rearrangement of the sugar-phosphodiester backbone in a manner analogous to Z-DNA. Note that we cannot rule out that some of these bps arise due to modeling errors and ambiguous density. Indeed, it was previously shown that an open G·U pair without hydrogen bonding in the ribozyme structure (PDBID: 1CX0) could be more confidently assigned to be a reverse wobble G·U bp after single-residue remodeling with ERRASER (70).
Structure and sequence preferences of HG bps
We examined a set of 54 non-redundant HG bps (see Methods, Table 1 Figure S6) . Interestingly, three structures of DNA-quinoxaline bis-intercalator complexes with G•C HG bps are collected under rather acidic conditions (pH = 4.5) (31, 72) . In these cases, it is possible that the lower pH contributes toward the stabilization of the HG bps. Other structures with only A•T HG bps from similar complexes are observed at higher pH∼6.
The overall ratio between bps in the interior of DNA helices and bps at helix termini is ∼6:1. The same ratio for non-redundant HG bps identified in the survey is ∼1:1 (Figure 3B) , implying that HG bps are enriched at terminal ends. The terminal bps should be treated with caution given that they have increased susceptibility to dynamics and intrinsic structural noise. However, close examination of the electron density maps (see Methods) at these terminal HG bps reveals that most have good electron density and low to moderate average B-factors (Supplementary Table S3 ). The examination of non-redundant HG and HG-like bps reveals that 66% of all terminal HG and HG-like bps are involved in crystal contacts with nearby DNA or proteins in the crystal lattice while the remaining 34% of terminal HG bps are observed within active sites of polymerases, endonucleases or as the apical loop closing bps showing no contact with nearby molecules. It is possible that these terminal HG bps are stabilized, at least in part, by crystal packing forces. All of the HG bps in crystal contact with nearby DNA molecules show end-to-end stacking, 86% of which involves very similar blunt-ended HG-to-HG stacking with 2-fold symmetry while 14% are attributed to HG-to-WC stacking with translational symmetry in the crystal contact ( Table 1) . Enrichment of one specific type of stacking in crystal contacts indicates that favorable stacking could be a reason for the enrichment of HG bps at terminal ends. Nevertheless, one should not solely consider these HG bps as crystallographic artifacts. It may well be that packing in the crystal lattice could have parallels in vivo including in nucleosomes, chromatin, and possibly other stressed cellular DNA. This suggests that HG bps may play unique roles at terminiinvolved DNA biochemical transactions such as active sites of DNA polymerases, nucleases, transposases and ligases involved in DNA replication, recombination and various damage repair pathways. This also suggests that transient HG bps may also be more abundant at terminal ends, possibly as intermediates that have been observed accompanying end-fraying events (50, 73) . This preference for A•T HG bps at terminal ends is consistent with early studies showing that isolated 9-methyladenine and 1-methylthymine bases prefer to associate as HG rather than WC bps (1,7) .
Interestingly the syn purine bases in terminal HG bps show a 12-fold preference for being at the 5 versus the 3 -end. A recent study showed that sequence-specific variations in the stabilities of HG bps in duplexes can be attributed to variations in WC stability (49, 50) . These A•T HG preferences may also mirror variations in WC stabilities and indeed prior NMR studies suggest weaker stability for 3 versus 5 terminal guanine WC bps (74) . End-to-end intermolecular stacking could also favor 5 -purine A•T HG bps as this results in a TA dinucleotide step formed in the crystal contact which favors HG (19, 49) .
Although the limited number of HG bps does not allow a statistically rigorous analysis of sequence-specific preferences, we note a few observations. First, we only observe either single HG bps surrounded by WC bps or two tandem (TA, AT or CG) HG bps that are palindromic. There are also three entire helices that are formed exclusively of HG bps in sequences consisting of three (13, (75) (76) or five AT repeats (77). We do not observe three or more consecutive HG bps that are surrounded by WC bps. In addition, the TA step (HG bp is underlined) is the most frequently observed HG step representing 47% of all single HG bp-involved steps while the GG step is completely absent. These sequence-specific preferences are in good agreement with studies showing that HG bps favor AT-rich sequences (7, (48) (49) and NMR relaxation dispersion studies showing the greatest abundance of transient HG bp is in TA steps and lowest abundance is in GG steps (49) .
Impact of HG bps on local B-form DNA structure
Prior structural (29, (75) (76) and computational studies (18, 19) have shown that HG bps can be accommodated within B-form helices of WC bps without significantly distorting the base-pairing geometry and sugar-phosphodiester backbone of neighboring WC bps. Nevertheless, studies have reported small perturbations induced by HG pairing including ␣/␥ torsion angles with gauche + /gauche − rather than the common gauche − /gauche + at the HG bp (29, 75) . Our survey provides an opportunity to examine any local perturbations that may be induced by formation of HG bps.
To this end, we compared 1D histogram distributions of sugar ( 0 -4 ) and phosphodiester backbone (␣, ␤, ␥ , ␦, ⑀, ) torsion angles ( Figure 4A ) for three data sets (i) nonredundant HG bps ('HG'), (ii) WC bps adjacent to HG ('adjacent WC') and (iii) WC bps surrounded by WC bps ('control WC'). Visual inspection reveals relatively broad distributions with no discernable differences between the three sets of distributions ( Figure 4C ). To more quantitatively compare the similarities between the distributions, we used the REsemble approach (57), which was recently developed to measure the extent of similarity between histogram distributions (see Methods). In this approach, the similarity between two distributions is measured by computing Ω which ranges between 0 and 1 for maximum and minimum similarity, respectively (see Methods) (57) . In general, we observe high similarity between the three datasets with Ω ≤ 0.2 for HG versus control WC and adjacent WC versus control WC with the values being generally lower for sugar torsion angles ( Ω < 0.1) (Supplementary Figure S3b) . However, among these small differences, the relatively larger deviations ( Ω > 0.1) are in ␥ and for HG versus control WC and in ␣ for adjacent WC versus control WC, suggesting that HG bps more likely induce changes in these torsion angles (Supplementary Figure S3b) .
Although only small deviations are apparent when comparing 1D (Supplementary Figure S3b) and 2D (Supplementary Figure S4 ) distributions of local torsion angles, there could be more significant deviations induced by HG bps that are not captured because they involve small correlated variations in different torsion angles. To examine this, we used REsemble to compare 5D sugar ( 0 , 1 , 2 ,11D encompassing both sugar and phosphodiester torsion angles) is very computationally costly (see Methods). Although the probability for overlap decreases rapidly for multi-dimensional distributions, this inherent decrease in overlap is taken into account by evaluating the overlap between the control WC distribution and sub-distributions of its own (see Methods). Based on this analysis, we find that 6D distributions (see Methods) of six phosphodiester backbone torsion angles for both HG bps ( Ω HGbp = 0.42) and adjacent WC bps ( Ω adWC = 0.37) deviate significantly from control WC bps as compared to the subset WC bps taken from the control WC bps ( Ω subWC = 0.25) (Figure 4B ). This indicates that torsion angles in HG bps and adjacent WC bps deviate from the control WC bps even when taking into account intrinsic statistical deviations in the multi-dimensional distribution of torsion angles for the control WC bps ( Figure 4B ). Similar but smaller deviations are observed for the 5D distributions of sugar torsion angles ( 0 , 1 , 2 , 3 , 4 ) ( Figure 4B ).
Examination of histogram distributions and REsemble analyses for local base-pair parameters (shear, stretch, stagger, buckle, propeller, opening), C1 -C1 distances, heavy atom distances in H-bonds reveals slight differences in basepair geometries between adjacent WC and control WC datasets. In particular, although the differences are small based on 1D REsemble analysis ( Ω < 0.2), 6D REsemble analysis shows local base-pair parameters in the adjacent WC deviate from control WC bps ( Ω adWC = 0.31), compared to that of a subset taken from control WC bps ( Ω subWC = 0.20) (Supplementary Figure S2c) . The largest deviations are observed for shear, opening, C1 -C1 distances as well as heavy atom distances in H-bonds for adjacent WC bps compared to control WC bps (Supplementary Figure S2b ). Based on 1D histogram distributions, the adjacent WC bps tend to have larger shear and opening, together with shorter heavy atom distances in H-bonds as compared to control WC bps (Supplementary Figure S2a) . These perturbations on the WC bps adjacent to HG are consistent with the observation of exchange broadening of aromatic resonances in WC bps adjacent to HG bps that are trapped by N1-methylation which suggests enhanced dynamics (48, 71) .
Impact of HG bps on global B-form DNA structure
In crystal structures of DNA-IHF (e.g. PDBID: 1IHF) and DNA-TBP (e.g. PDBID: 1QN3) complexes, HG bps are observed near sharp kinks in the DNA (15, 16) . Interestingly, kinking across HG helices with sticky ends has also been observed in the absence of proteins or ligands in a coiledcoil DNA structure with sequence d(CGATATATATAT) (PDBID: 2AF1) where the (AT) 5 HG bps form a linear HG helix but there is a kink between two HG helices at the junction of two intermolecular G·C bps formed by the sticky ends (77) . To examine whether HG bps are more generally associated with DNA bending, we manually examined all DNA structures (total of 15) containing HG bp(s) flanked by at least two WC bps.
Among these 15 DNA structures, 10 contain a single HG bp while five contain tandem HG bps. Interestingly, we find evidence for bending across all single and tandem HG bps.
In some cases, the ability to characterize global bending is obscured by local structural distortions arising due to the presence of nicks in DNA strands and protein/ligand interactions. However, clear signs of bending are observed for the complexes of DNA-MAT␣2 (PDBID: 1K61) ( Figure 5D ), DNA-p53 (PDBID: 3KZ8) ( Figure 5D ) and DNA-AlkBH2 (PDBID: 3H8O) that show very little local deviation from the reference B-form structure with superposition RMSD of H1 and H2 < 2Å (see below and Supplementary Figure  S5a and c) .
To put these observations on a quantitative footing, we adapted our approach for computing inter-helical Euler angles in RNA junctions to compute inter-helical Euler angles in DNA (59,60) (see Methods). We first benchmarked this approach on 13 DNA structures that do not contain HG bps and that show either the absence or presence of bending (Supplementary Table S4 ). The computed inter-helical Euler angles were consistent with previous analyses of these DNA duplexes. The linear DNA duplexes yielded an average computed inter-helical bend angle of ␤ h = 6 o with a narrow standard deviation ( = 2 o ) and average inter-helical twist angle of h = −3 o with a narrow = 2 o (Supplementary Table S4 ). The computed averages and standard deviations of ␤ h and h are insensitive to having one or two WC bps as the junction between H1 and H2 (data not shown). As expected these angles are near zero when considering the uncertainty in the computed inter-helical bend angle of ∼5 o arising due to superposition inaccuracy for short helical segments (59) . For the bent duplexes, the computed inter-helical Euler angles capture the degree and direction of bending previously reported in the solution structure of A6-T6 A-tract DNA (PDBID: 1FZX) (67) and the nucleosome DNA (PDBID: 3UT9) (68) (Supplemental Information).
By comparison with the negative control results (␤ h = 6 o ± 2 o ), we observed consistently higher degrees of bending in the HG-containing duplexes overall (average ␤ h = 37 o with a range of = 23 o ) ( Table 2 ). Substantial bending (average ␤h = 14 o with = 5 o ) is observed for structures that show little local distortion (superposition RMSD < 2Å) from the idealized B-form helix (Table 2) . A smaller degree of bending is observed for two A·T bps in two similar DNA-p53 complexes when they adopt WC (␤ h ∼8 o in structure with PDBID: 3KMD) rather than HG (␤ h ∼18 o in structure with PDBID: 3KZ8) geometry. Significant bending (␤ h ∼14 o ) is also observed at a HG-like bp, which does not satisfy HG H-bonding found in a naked DNA duplex (PDBID: 2PIS) containing the modification of 3-fluorobenzene (78) .
These results imply that HG bps are associated with a modest degree of DNA bending though contributions from environmental factors such as protein/ligand interaction and crystal packing cannot be ruled out. This is consistent with spin relaxation dispersion showing that the population of transient HG bps in CA steps increases in longer A-tracts, which are known to induce DNA bending (48) . This increase in global bending may arise in part from the correlated local variations in sugar and phosphodiester torsion angles identified by REsemble ( Figure 4B ). It should be noted that the computed inter-helical bend angles are in principle subject to uncertainties arising due to a small number of bps flanking the HG bp available for superposition as well as local distortions in the helical structure (see Methods). However, control calculations examining the effect of varying the number of bps and the types of atoms used in the superposition suggest that the observed bending can be robustly defined (see Methods).
Interestingly, the HG bending is consistently directed toward the major groove (−90
• ≤ ␥ h ≤ 90 • ) as compared to the more random bending directions observed for the negative control linear B-form DNA structures ( Figure 5F ). This directional bending is observed consistently across naked DNA and diverse DNA-protein complexes containing HG and HG-like bps (Table 2) under different crystallization conditions. The only exception is an HG-like bp (PDBID: 4I2O) showing bending toward the minor groove that also features the least constricted C1 -C1 distance (see below). In addition, we observe an inverse correlation (R 2 ∼ 0.8) between the degree of bending (␤ h ) and the C1 -C1 distance of HG and HG-like bps in intact DNA helices (Figure 5E ). This trend holds even for duplexes that have only minor local distortions (superposition RMSD to idealized B-form <2Å). This suggests a mechanism for correlating HG and bending. In particular, it becomes increasingly difficult to accommodate a WC bp geometry under more constricted C1 -C1 distances due to steric clashes that arise between the bases. This steric clash can be released by forming HG bps, which in turn makes possible a range of conformations with variable constricted C1 -C1 distances, sugarbackbone distortions and DNA bend angles. It is interesting to note that constricted C1 -C1 distances naturally lead to a narrowed minor groove of the bp which can result in favorable electrostatic interactions through minor groove recognition as observed for example with Arg248 in the structure of the p53-DNA complex (17, 79) . It is also important to note that DNA bending does not necessarily require constriction of the C1 -C1 distance; bending may arise also due to local translation or rotation of WC basepair steps (e.g. in roll, tilt and/or propeller twist) as proposed for bending in the nucleosome DNA (68) and A-tract DNA (67, 80) . For example, the average C1 -C1 distance in the curved nucleosome structure (PDBID: 1KX5) is ∼10.6 A ± 0.3Å.
In contrast to the bend angle, HG bps do not apparently lead to significant changes in the inter-helical twist angle h (see Methods). For example, a single HG bp leads to over-twisting by ∼8 o in the complex structure of DNA-MAT␣2 (PDBID: 1K61) and ∼3 o in the complex structure of DNA-AlkBH2 (PDBID: 3H8O) ( Table 2 ). Additional data is needed to examine the effects of single HG bps, though based on these two observations, one would predict that single HG bps are favored by positive DNA supercoiling as arises for example, in front of RNA polymerases during transcription and in front of the replication fork during DNA replication. On the other hand, the observed interhelical twist angle ( h = −3 o ) across tandem HG bps in the p53-DNA complex ( Figure 5D ) is within error of control B-form DNA structures ( h = −3 o ± 2 o ); thus no evident tendency to over-or under-twisting of tandem HG bps can be concluded from the current survey. Similarly in five other structures containing single HG-like bps (Table 2) , the computed inter-helical twist angles range from −4 o to 2 o , which shows no preference for over-or under-twisting.
HG-mediated DNA bending may provide a new mechanism for indirect DNA sequence-specific recognition. Many DNA binding proteins bind DNA as oligomers and interact with multiple sites along the DNA. HG-induced bending could play topological roles defining the geometrical presentation of distant binding sites along the DNA duplex.
CONCLUSION
The survey reveals that HG bps exist in B-form DNA at a similar level of abundance relative to WC bps (∼0.3%), as is observed transiently in canonical duplex DNA under solution conditions by NMR. The HG bps are ∼4-fold more abundant in A•T versus G•C + bps, in good agreement with the ∼8-fold larger populations observed for transient A•T versus G•C + HG bps in solution by NMR. Likewise they appear to be more abundant in AT-rich sequences, consistent with sequence-specific preferences observed by NMR. The survey also reveals that HG bps are ∼6-fold more abundant at helix termini versus the helix interior with a preference for the syn purine base being located at the 5 -terminal end. Such terminal HG bps may play unique roles in DNA biochemical transactions. Future NMR studies should examine the abundance of transient HG bps at terminal ends. In addition, the survey uncovers HG-like bps that only satisfy one or two of the HG criteria. These conformations provide insights into the potential mechanisms for WC-to-HG transitions. The survey also suggests that HG bps induce small local perturbations, particularly on phosphodiester backbone torsion angles ␣, ␥ and . Perhaps the most significant finding in the survey is the observation that HG bps induce significant degrees of DNA bending (∼14
• ) and in a manner that is inversely proportional to the C1 -C1 distance across the bp. This HG-mediated DNA bending may provide a new mechanism for indirect DNA sequencespecific recognition.
